To evaluate indicators of whole-tree physiological responses to climate stress, we determined seasonal, daily and diurnal patterns of growth and water use in 10 yellow poplar (Liriodendron tulipifera L.) trees in a stand recently released from competition. Precise measurements of stem increment and sap flow made with automated electronic dendrometers and thermal dissipation probes, respectively, indicated close temporal linkages between water use and patterns of stem shrinkage and swelling during daily cycles of water depletion and recharge of extensible outer-stem tissues. These cycles also determined net daily basal area increment. Multivariate regression models based on a 123-day data series showed that daily diameter increments were related negatively to vapor pressure deficit (VPD), but positively to precipitation and temperature. The same model form with slight changes in coefficients yielded coefficients of determination of about 0.62 (0.57-0.66) across data subsets that included widely variable growth rates and VPDs. Model R 2 was improved to 0.75 by using 3-day running mean daily growth data. Rapid recovery of stem diameter growth following short-term, diurnal reductions in VPD indicated that water stored in extensible stem tissues was part of a fast recharge system that limited hydration changes in the cambial zone during periods of water stress. There were substantial differences in the seasonal dynamics of growth among individual trees, and analyses indicated that faster-growing trees were more positively affected by precipitation, solar irradiance and temperature and more negatively affected by high VPD than slower-growing trees. There were no negative effects of ozone on daily growth rates in a year of low ozone concentrations.
Introduction
Physiological differences in response to environmental stress within and among tree species and across spatial and temporal scales significantly limit efforts to understand and predict forest responses to future global climate change. It is increasingly apparent that responses of seedling and sapling trees to environmental stresses may not provide a valid basis for estimating growth rates and stand dynamics of mature trees subjected to the same stresses. This generalization is supported by studies of the adverse effects of tropospheric ozone on forest trees (Chappelka and Samuelson 1998, Samuelson and Kelly 2001) , the positive effects of atmospheric elevated CO 2 concentrations (Norby et al. 2001 , Oren et al. 2001 , as well as tree responses to climatic stress, including drought (Orwig and Adams 1997, Hanson and Weltzin 2000) . These differences can be related to the effects of tree size and geometry on photosynthesis and water transport pathways and resistances (Yoder et al. 1994) , to the effects of tree size on carbohydrate allocation pathways Shriner 1980, Waring 1987) as well as to changes in the depth, extent and vigor of rooting systems (Joslin et al. 2000) as trees mature.
Dendroecological studies suggest that there have been systematic shifts in the growth responses of mature trees to components of both physical and chemical climate in widespread regions over recent decades. These include reduced latewood density (Schweingruber et al. 1979 ) and growth (Briffa et al. 1998 , Smith et al. 1999 ) of conifers associated with increasing temperatures in central Europe and increased sensitivity of red spruce to temperature (McLaughlin et al. 1987, Cook and Zedaker 1992) and rainfall ) at highelevation sites in the eastern USA, where acid deposition is high. In addition, there is evidence of increased sensitivity of mature loblolly pine (Zahner et al. 1989 , McLaughlin and Downing 1995 , 1996 and big cone Douglas-fir (Peterson et al. 1995) to drought in areas with high ozone concentrations. Ozone has also been identified as one of the most important climatic variables affecting growth of white pine in Maine (Bartholomay et al. 1997) .
Although the future distribution and amount of rainfall are uncertain, predictions of increased temperatures and greater climatic variability suggest that drought will increasingly af-fect forest health and productivity in the future (IPCC 1998) . Thus studies of changes in water-use patterns in large forest trees in response to shorter-term variations in climatic stress are important for understanding and predicting future forest responses to chronic changes in physical and chemical climates, including regional ozone exposure.
The use of sensitive dendrobands and multivariate statistical analyses to relate short-term changes in tree growth to climatic influences was introduced more than 40 years ago (Fritts 1962) . Studies in the mid-1970s Bruckerhoff 1975, Hinckley et al. 1976) , as well as more recent investigations (Herzog et al. 1995 , Downes et al. 1999 , Zweiffel et al. 2001 , McLaughlin et al. 2002 , have documented that measures of stem increment at hourly or shorter intervals can provide useful insights into short-term, physiologically based responses of whole trees to environmental stimuli. Of particular interest have been insights into whole-tree patterns of water use and growth in response to changing external environmental and internal physiological and structural factors. Daily patterns of stem shrinkage of extensible tissues in developing sapwood, phloem and cambium during periods of high transpiration coupled with stem increments associated with recharge of stored water and growth as transpiration subsides later in the day can provide important insights into the magnitude and timing of factors influencing whole-tree water use and growth. Lassoie et al. (1979) observed that daily stem shrinkage and recovery in Douglas-fir were closely related to soil water potential and predawn twig xylem potential. Both the amount and timing of shrinkage during the day were influenced by the proximity of the measured stem section to the transpiring canopy. Diurnal stem shrinkage and expansion patterns are closely related to sap flow rates in Norway spruce (Herzog et al. 1995 , Zweiffel et al. 2001 . A close linkage between transpiration of upper-crown foliage, sap velocity, stem shrinkage, root radius and the diurnal course of stem radius fluctuations has also been demonstrated for subalpine Norway spruce (Zweiffel and Häsler 2001) .
We present here analyses of the influences of physical, chemical and biological factors on diurnal and seasonal patterns of stem increment of yellow poplar (Liriodendron tulipifera L.), an important timber species of southeastern North America. Measurements were made with high-resolution automated dendrometers to examine the interacting influence of ozone and climate on growth and water use. This effort followed earlier studies at the same site with manual dendrometers, which indicated that ambient ozone exposures amplified the effects of drought stress on growth of mature loblolly pine (McLaughlin and Downing 1995 , 1996 , 1997 .
Our objective was to examine the coupled processes of water use and stem increment as a measure of stress on wholetree physiology, including sap flow and daily and seasonal stem growth patterns. The reported effects were a response to natural fluctuations in local climate, including ambient ozone concentration.
Materials and methods

Study site
Analyses were made during the 2000 growing season at the Oak Ridge National Environmental Research Park in eastern Tennessee. The forest was a recently released stand of yellow poplar that had gradually achieved emergent status in an approximately 60-year-old loblolly pine (Pinus taeda L.) plantation during the 30 years since the stand was last thinned. The yellow poplar trees had reached a height of about 10-15 m by summer 1999 when southern pine bark beetles killed the loblolly pine overstory. Total stand basal area of the stand was 32.9 m 2 ha -1 before the beetle attack, and competitive pressure was still low in late 2002 when the residual yellow poplardominated stand had a mean basal area of 13.5 m 2 ha -1 (range 9-21 m 2 ha -1 ). The mean height of the measured trees was about 15 m and the growth rates of individual trees were unrelated to variations in stand stocking around the measured trees. Soils were sandy loam and characterized as alluvial, deep and relatively fertile in earlier studies (Johnson and Lindberg 1992) . Soil water content measured by time domain reflectometry (Topp and Davis 1985) ranged from 18 to 36% at a depth of 15 cm during the 2000 growing season. Total rainfall was 49 cm during the 129-day (DOY 144-272) measurement period.
In spring 2000, 10 yellow poplar trees were fitted with automated dendrometer bands (Agricultural Electronics, Tucson, AZ). Trees averaged 21.1 cm in diameter, with a range of 15.7-25.7 cm in April 2000, when leaf-out was initiated. The sensors for the dendrometer bands were linear variable transducers that responded to radial increments with an average sensitivity of about 6 µm mV -1 . Data were collected at 15-min intervals from trees within an approximate 70-m radius of the retrieval system. All trees were measured at about weekly intervals with spring-tensioned manual dendrometer bands (25 mm wide and 0.12 mm thick) as described by McLaughlin and Downing (1996) . Manual circumference measurements were used to transform automated radius changes measured at one point to basal area changes for the stem cross section. Manual measurements had a precision of ± 0.02 mm. Sap-flow sensors were colocated on six of the 10 trees to provide concurrent high-resolution data on sap flow and stem increment.
Sap flow measurements
Total sap flow in each tree was calculated as the product of sap velocity, cross-sectional sapwood area and the fraction of sapwood that transports water (Wullschleger and King 2000) . Sap velocity rates were determined with thermal dissipation probes (Dynamax, Houston, TX). These devices operated on the constant power principle (Granier 1987 ) and comprised two cylindrical probes, each 2.0 mm in diameter, that were inserted 3 cm into the sapwood of a tree. The probes were inserted one above the other, 4 cm apart. The upper probe was installed at a height of 1.3 m and contained a heating element that was heated at 200 mW with a 110 mA constant power source, whereas the lower probe served as an unheated refer-ence. Each probe contained a copper-constantan thermocouple and the temperature difference between the probes was influenced by sap velocity in the vicinity of the heated probe. All probes were installed on the north side of trees to avoid direct solar heating and shielded with aluminum foil to minimize temperature fluctuations in the sapwood (Wullschleger et al. 2001) .
Stem diameter at breast height (1.3 m) was measured with diameter tape. Bark thickness was determined at one to three locations around the stem circumference by drilling through the bark to the bark-sapwood interface. This transition was easily identified by color, texture and water content. Bark thickness was measured with an electronic caliper. Sapwood thickness was measured with a ruler on a single core extracted with a 0.5-cm increment borer. The boundary between sapwood and heartwood was identified by color differences. Cross-sectional sapwood area was calculated from stem diameter, sapwood thickness and mean bark thickness.
Collection of environmental data
Environmental data were collected from sensors installed at the top of a 25-m tower serving the Oak Ridge National Laboratory Free Air CO 2 Enrichment Study facility (Norby et al. 2001 ). This facility is located 500 m from our study site. Data were collected hourly and included photosynthetically active radiation (PAR), air temperature, precipitation and relative humidity. Ozone concentrations in parts per billion (ppb) were measured with a Dasibi (Model 108-AH, Dasibi Environmental, Glendale, CA) ozone monitor in a field 200 m from the yellow poplar stand. Averaged data and ranges for each of the principal environmental parameters measured in this study are reported in Table 1 .
Data analysis
Analyses included defining relationships between seasonal growth trends, daily growth increment and diurnal expansion and contraction cycles at time intervals of 1 h or less. The latter were examined to evaluate biological and statistical relationships between diurnal and seasonal patterns of sap flow and stem increment cycles. The response of these cycles to episodic and seasonal environmental conditions was analyzed by multivariate regression analysis following extensive screening of variables for predictive potential. The best predictor subsets among these variables were found with the Best Regression Algorithm (Ryan 1997 ). In the case of ozone exposure, many possible parameterizations of the ozone exposure (dose) were investigated. These included 3-h moving averages, 6-h moving averages, hourly concentrations above 40 ppb, hourly concentrations above 60 ppb, cumulative hourly concentrations (over 60 ppb) and an interaction between ozone and vapor pressure deficit (VPD) expressed as a product of hourly O 3 over 40 ppb and VPD. Although some ozone parameterizations, such as hourly ozone concentrations over 40 ppb and ozone-VPD interactions, proved to be highly significant predictors in some of the regression models, cumulative ozone (CUMSUM60) was identified by the Best Regression Algorithm as the overall best ozone parameterization with the highest predictive power in a majority of circumstances. It should be noted that there is a high correlation between variables that are driven in common by radiation such as VPD, temperature and ozone, and this must be considered when implementing and interpreting regressions with these variables. Sets of predictor variables with high cross correlation were systematically avoided in the model parameterization procedure. We chose regression models with seven independent variables covering various dimensions of water stress, radiation and ozone exposure. We recognized that both the drivers and the effects of some of these variables were interrelated, and hence, we attempted to intertwine the biology with statistics in interpreting the regression results. We evaluated several different regression formulas to test the consistency of model structure and performance on different subsets of the data. Included among these approaches were time lagging and averaging of the dependent variable, daily stem growth and comparative TREE PHYSIOLOGY ONLINE at http://heronpublishing.com growth trend analysis. The last was an exploratory approach designed to evaluate the roles of environmental variables in promulgating differences in growth responses between individual trees and groups of trees observed during the growing season.
Results
The 10 yellow poplar trees studied had a mean initial diameter of 21.1 cm and basal area increases averaged 16.4% (range 7.6-24.5%) of initial basal area based on manual band data from the May-September period. Automated band data analyses were restricted to seven trees for which records were complete over the interval day of year (DOY) 151-274. For these seven trees, stem growth demonstrated several seasonal patterns ( Figure 1 ). These included variations among slopes for individual trees, which differed by a factor of two between the fastest-and slowest-growing individuals, as well as intra-annual shifts in slope of the growth increment curve. Intra-annual shifts in slope occurring around DOY 210 for all trees and variable timing of the slowdown at the end of the season resulted in increased divergence of growth attained by individual trees over the 124-day analysis period. Despite the relatively smooth appearance of the seasonal growth curves presented in Figure 1 , analysis of fluctuations in daily increment patterns for individual trees revealed large variations in daily growth rates of individual trees (Figure 2) . Although there was high variability in the magnitude of daily stem increments, the timing of observed patterns of change was consistent among trees as they responded to variations in Basal area stem increment of a subset of three yellow poplar trees demonstrate the high variability in daily increment. Note that episodic peaks in stem increment were nearly always followed by positive increments the next day.
water supply and demand throughout the growing season. These variations reflected both the real increments in wood formation as well as differences in stem hydration reflecting the daily balance of water supply and demand. A notable feature of these daily increment patterns was that trees were able to increase stem diameter on nearly all days even following high growth increments on preceding days. Thus, rates of water loss in transpiration were nearly always less than the combination of water uptake and cell growth during the day. One exception occurred during the active growing season in early June (DOY 158-162), a period with high ozone concentrations and high VPD immediately following a 3-day period with 2.4 cm of precipitation and low radiation. Before analyzing the factors affecting daily and seasonal growth rates, we examined the underlying dynamics of the observed variations and their relationship to patterns of water use. Hourly changes in stem increment shown in Figures 3a and 3b revealed some distinctive diurnal patterns that were consistent among study trees. They reflected both parallels and differences from patterns previously reported for other, principally coniferous, species. A comparison of diurnal patterns of basal area change of five trees from a typical day in early June ( Figure 3a) indicated that loss of storage water associated with stem contraction occurred quickly (around 0800 h EDT), reached peak loss rates in mid-to late-morning, and gradually subsided with net positive increments attained in late afternoon. Rapid increases in stem increment in the late afternoon hours resulted in peak increment rates at around 1800 h. The rate of stem increment during this period of accelerated growth was similar to the maximum rate of basal area decrease in the early morning hours. A more gradual decrease in increment rate followed this peak and led to a remarkably stable rate of stem increment from midnight until dawn. A comparison of the early season dynamics in Figure 3a with the dynamics of Tree 8 over eight successive days in mid-September (DOY 255-262) revealed the same general pattern as in Figure 3a , with amplified midday depressions, reduced maximum increments in late afternoon and declining early morning rates (Figure 3b) .
To illustrate how diurnal-based area changes result in cumulative growth, we show the net basal area of Tree 8 over 3 selected days (Figure 3c ). The 3 days included a day of high increment in early season (DOY 162), and days with net increment loss in early season (DOY 158) and no net increment gain in late season (DOY 262). Although DOY 158, which experienced high ozone concentrations and high VPD, was atypical of the early season, DOY 262 was more typical of late-season diurnal patterns when growth had slowed in response to seasonal phenological patterns. Note that on DOY 162, net increment did not become positive until about 1900 h even though trend reversal began at 1500 h.
In Figure 3b , we included one atypical day (DOY 256) that showed a midday recovery in stem increment that differed markedly from the other higher radiation days. On DOY 256, intermittent precipitation events (totalling 1.4 mm) provided a brief period of canopy wetting, reduced radiation and reduced VPD, allowing rapid recovery of stem increment rates around 1400 h. This provided a convenient test of the responsiveness of stem increment changes to changing water loss rates. A comparison of concurrent hourly values of sap flow and stem increment in response to VPD and PAR (Figure 4a ) indicated that a reduction in rate of stem shrinkage began around 1100 h and coincided with reduced sap flow when both PAR and VPD above the canopy were increasing. Detailed examination of changes in sap flow and stem increment at 15-min resolution (Figure 4b ) revealed that the two processes were tightly coupled and very sensitive to changes in water loss driven by VPD.
These analyses provided a basis for establishing seasonal dynamics of stem growth for yellow poplar, responsiveness of daily stem increments to variations in environmental conditions, and linkages to sap flow rate, another significant index of whole-tree biology. Because Herzog et al. (1995) suggested that stem increment changes might provide a better indicator of whole-tree water relations than sap flow, we were interested in the quantitative relationships between the two indicators diurnally and over the growing season. A plot of the relationship between concurrent rates of stem increment and sap flow revealed, as expected, that the two were significantly and inversely related (r 2 = 0.46) over the growing season ( Figure 5 ). Closer examination of the diurnal relationships between these parameters revealed an inconsistency in the relationship because of hysteresis resulting from higher stem increment/sap flow in the afternoon than during the morning (Figures 6a-c) . This pattern occurred throughout the growing season and reflected an apparent increased capacity for stem expansion in the afternoon despite typically increasing water demand.
The relative importance and consistency of influences of environmental variables on observed variations in daily growth increment ( Figure 2a) were assessed by multiple regression analysis. More than 500 combinations of subsets of trees (mean, three fastest-growing trees and three slowest-growing trees) and environmental variables were evaluated as predictors of daily diameter increments across the 124-day analysis period (DOY 151-274). Individual and interactive effects of time, temperature, PAR, VPD, ozone exposure and rainfall on daily growth rate were examined.
In Table 2 , model parameters and coefficients are indicated for empirical models developed around seven subsets of the total data set. They include the means of all trees, the three trees with the highest and three trees with the lowest growth rates, and days with highest VPD (12-h average > 1.2 kPa) or lower VPD (< 1.2 kPa). In addition, time lagging growth by one day was evaluated. The use of the 3-day running average of daily growth significantly improved model predictions and resulted in improved significance of PAR in the model. These empirical models had coefficients of determination that ranged from 0.57 to 0.75 and all were highly significant (P < 0.001). In the unlagged model of average responses of seven trees, the four strongest predictor variables as indicated by partial correlations with growth were precipitation (R 2 = 0.213), date (R 2 = 0.158), temperature (R 2 = 0.137) and PAR (R 2 = 0.088 sponse that, because of the low mean ozone concentrations during the year of observation, cannot be unequivocally differentiated from the effects of several sunny days.
Two additional approaches were used to examine potential effects of components of environmental stratification and trend analysis. To evaluate possible amplifying influences of moisture demand on the effects of ozone on daily stem increment as noted in loblolly pine (McLaughlin and Downing 1996) , we stratified the 124 days of this study into highest (≥ 1.2 kPa) and lowest (< 1.2 kPa) mean daily (12 h) VPDs. We then evaluated ozone effects on daily stem increment within each class. In response to the relatively low ozone and moisture stresses that occurred in 2000, there were no obvious negative effects of ozone on daily stem increment, even at the highest VPDs (> 1.2 kPa). This result was supported by the similar magnitude of the negative coefficients for high and lower VPD subsets of the data reported in Table 2 .
The other approach involved evaluating differences between subsets of the fastest-growing trees and subsets of the slowest-growing trees to identify combinations of conditions that led to divergence in the growth trends observed in Figure 1. A plot of the daily trends and changes in the series of differences in daily increment between Tree 10 (mean basal area increment = 74.9 mm 2 day -1 ) and Tree 6, the slowest growing of the seven trees represented in Figure 1 (mean basal area increment = 31.9 mm 2 day -1 ) is shown in Figures 7a and 7b . Figure 7b shows that short-term episodes of underperformance of the fastest-growing trees (i.e., DOY 159-161) were frequently followed by periods of accelerated growth by the same trees. Accelerating growth differences between the groups typically lasted for several days following these periods. Analyses of the specific days when these stress events occurred indicated that they were frequently days with both high ozone concentrations and high VPD. Regression analysis of this difference series identified high rainfall and temperature, and low VPD as primary variables influencing differences in sensitivity to environmental stress among trees. Trees that were growing fastest appeared to experience greater short-term losses in increment during stress episodes and to be more resilient in recovering from those stresses immediately thereafter. We suspected that this was due to the larger sapwood cross-sectional area and greater crown volume of rapidly growing trees, but could not confirm our hypothesis with the available data.
Discussion
Our analyses of seasonal, daily, and diurnal patterns of stem expansion for rapidly growing yellow poplar trees provided several useful insights into both the patterns of growth and some underlying physiological interactions that influence these patterns. The seasonal accumulation of daily stem increments (Figure 1 ) defined a high-resolution seasonal growth curve that identified intra-annual variations in growth rate and marked differences among individual trees in the same stand. This seasonal growth curve was influenced by the pronounced diurnal patterns of water loss and water recharge that influenced net basal area increment on individual days.
The basic pattern of stem shrinkage and expansion associated with stored water depletion and recharge has been reported for Douglas-fir, white oak, Norway spruce and Eucalyptus (Hinckley and Bruckerhoff 1975 , Lassoie et al. 1979 , Herzog et al. 1995 , Downes et al. 1999 ). However, we observed several attributes that appeared to reflect differing diurnal water use and growth dynamics of yellow poplar. These included the period of relatively stable predawn increment (Figure 3) , the initiation of significant recharge during the early afternoon, the peak in increment in late afternoon and the pattern of hysteresis in stem increment/sap flow. Downes et al. (1999) also noted a period of net stem shrinkage for 1 to 3 days after rain events in irrigated Eucalyptus, a response not observed in our study with yellow poplar, or in an earlier study by Hinckley and Bruckerhoff (1975) spruce. Stem increment/sap flow in their study was lower in the afternoon than in the morning, whereas we observed the opposite pattern. The virtual absence of a significant lag time between changing sap flow and the direction and rate of change in stem increment at breast height in our study (Figure 3 ) reflects a tightly coupled system. Lag times ranging from minutes to hours that increased basipetally with distance from the crown have previously been reported for Norway spruce . Separate measurements of whole-stem increment and xylem increment in Scots pine by Sevanto et al. (2002) suggest that time lags differ for the component influences of xylem responses to water exchange and the response of the phloem and cambium to hydration, phloem transport and cambial growth. Thus cambial expansion may partially offset xylem responses to water losses in the canopy and result in a lag in whole-stem responses to these combined and partially offsetting processes. The counteracting effects may become less apparent at increasing distances from the canopy as reflected by our whole-stem measurements. We suggest that the higher stem increments observed in the midto late afternoon and early evening likely reflect the influence of diurnal patterns of photosynthate accumulation, associated increases in osmotic potential of phloem and cambium cells, and subsequent basipetal transport of assimilates. The diminishing growth component of daily stem increment in late season as cell wall division and expansion slows may lead to changes in stem increment that are more directly related to changes in the hydration status of extensible cells. This possibility is supported by the deeper, midday depletion and reduced recovery phases of our late-season diurnal curves including declining predawn increments as the season progressed (Figure 3b) .
We estimated the potential magnitude of changes in stored water relative to whole-tree water use in transpiration, assuming equal withdrawal of water per unit stem surface area along the stem. Maximum daily losses in stem water storage, derived from short-term basal area changes noted in Figure 2 , were about 4.5 l day -1 with mean losses of about 2 l day -1 . Based on the upper estimate of 4.5 l day -1 , we suggest that water stored within extensible stem tissues represents about 2 to 10% of daily water use for yellow poplar of the size we studied. This compares with estimates that stored water contributed from 10 to 75% of total water use on sunny or cloudy days, respectively, for 6-year-old potted Norway spruce (Zweiffel et al. 2001) . It should be noted, however, that the extensible stem tissues are likely a dynamic rather than a static reservoir, and given the opportunity to refill (Figure 4b) , may well contribute a larger fraction of the daily water needs based on episodic inputs during the day. Thus, withdrawal of stored water from the stem provides a buffer against water stress and may play an important role in whole-tree water relations, particularly under conditions when sap flow is restricted by low water uptake (Herzog et al. 1995) . Hydration in the zone of extensible tissues can also be expected to reduce water stress in the zone of active cell division and cell wall carbohydrate synthesis that comprise annual stem growth.
The importance of water stress on stem growth of yellow poplar at this site was confirmed by the empirical model derived from responses of daily stem increment to environmental variables. Variables associated most closely with water supply and demand (precipitation and VPD) explained > 40% of the variability in daily stem growth of the model.
The combination of variables related to day-to-day variations in water stress and those that expressed influences of time (DOY and CUMSUM60) typically explained more than 60% of the observed daily variability in daily stem increment across substantial variations in both growth rate and environmental conditions (Table 2 ). This value of R 2 is somewhat higher than the 0.40-0.50 derived from daily values for growth of irrigated Eucalyptus in Australia (Downes et al. 1999) and for standard dendroecological analysis based on yearly growth data (Knapp et al. 2001) , where values are typically in the range of 0.35-0.50.
We were interested in the effects of ozone on water relations, given that ozone can increase transpiration or reduce stomatal control of water loss, or both, in seedlings (Lee et al. 1990 ) and saplings (Wallin and Skarby 1992, Pearson and Mansfield 1993) in controlled studies and in foliage of larger trees in the field (Maier-Maercker 1998). Our previous detection of a negative ozone × water stress interaction in mature loblolly pine at the same site led us to consider stratification of the seasonal data set to examine ozone effects under conditions of highest VPD. We did not detect a significant overall negative effect of ozone on growth of yellow poplar. Mean daily ozone concentration at this site in 2000 was quite low at 249 ppb·h (part per billion hours), a value about 50% below the 5-year mean exposure value during analyses of loblolly pine growth at this site in [1988] [1989] [1990] [1991] [1992] . Maximum exposure during 1988 was approximately twice that attained during 2000 and the growth model derived from loblolly pine data (McLaughlin and Downing 1996) predicted no negative growth effects at this degree of exposure.
Our analysis of relative differences in growth among fasterand slower-growing individual trees isolated environmental conditions that contributed most to differences in relative performance of the forest stand. With this approach, the emphasis was shifted toward physiologically important responses by normalizing the common environmental experience of component trees in the stand. Analyses of responses of the Fast: Slow (F:S) difference series to changing environmental conditions (Figure 7 ) indicated that the faster-growing trees in our study group were affected more by episodic high water stress and achieved the greatest growth advantage during periods with higher water availability and higher temperatures. This response pattern suggests that during rapid growth under conditions of higher water supply, growth may be shifted preferentially toward shoots at the expense of roots.
